In this study, the goal was to find lower temperature for separating the Zn and Fe content of ZnFe 2 O 4 by sulfation reaction than previously achieved and to study the various reaction steps of sulfation. Hence, the reaction of ZnFe 2 O 4 with Mohr's salt containing iron(II), i.e., (NH 4 ) 2 Fe(SO 4 ) 2 Á6H 2 O, and ammonium iron alum containing Fe(III), i.e., NH 4 Fe(SO 4 ) 2-12H 2 O, was studied. At first, the thermal decomposition of precursor salts in air was studied by TG/DTA-MS to find the proper temperature for sulfation. Then ZnFe 2 SO 4 /precursor salt mixtures with ratios 1:2 and 1:5 were prepared and annealed at 400, 425 and 450°C. The solubility of the products obtained at different annealing temperatures in water (e.g., ZnSO 4 , FeSO 4 , Fe 2 (SO 4 ) 3 ) and in HCl (Fe 2 O 3 , ZnO, Fe x (OH) y SO 4 , Zn v (OH) w SO 4 basic sulfates) was studied. The morphology and structure of the starting materials was investigated by SEM, XRD and FTIR, the crystalline phases after each annealing and washing step were studied by XRD. The Fe in the starting materials and the products obtained at 425°C was measured by Mössbauer. Based on the obtained results, it was demonstrated that the sulfation reaction with ammonium iron sulfates could be performed at lower temperatures than with iron sulfates. It was possible to detect the reaction intermediates and to obtain information about the reaction intermediates. With our sulfation reaction, depending on the reaction conditions, it is possible to obtain Fe 2 O 3 as final product, but the Zn and Fe metals can be obtained also as sulfates. Our results open up further possibilities to recycle the ZnFe 2 O 4 waste material.
Introduction
To protect iron products from corrosion, a zinc coating on iron is often used. Zn is usually deposited by hot-dip galvanization (dipping into melted Zn) [1] . Before this, the iron surface is etched with an acidic solution to remove Fe 2 O 3 and to deposit the first layer of Zn. This process results in the hot-dip galvanization sludge, which contains, e.g., Fe(OH) 3 , Fe(OH) 2 , FeO(OH), Fe 3 O 4 , (Zn,Fe)Fe 2 O 4 , Zn(OH) 2 , Zn 5 (OH) 8 Cl 2 Á5H 2 O. The sludge has 35% dry content, and it can be stored only as a dangerous waste deposit. The sludge cannot be directly recycled in steel industry, due to its zinc content, because the zinc compounds are easily reduced into metallic zinc, which can destroy the wall of the blast furnace [2] [3] [4] [5] . In order to recycle it, its Zn and Fe content has to be separated. After several annealing, washing and filtration steps, ZnFe 2 O 4 can be isolated, and it will incorporate all the Fe content of the sludge.
Zn and Fe can be separated in several ways from ZnFe 2 O 4 : (a) dissolving in hot cc. H 2 SO 4 ; (b) reacting with SO 2 and SO 3 in the presence of O 2 ; (c) reacting with in situ released SO 2 and SO 3 , which form during annealing hydrated Fe(II) and Fe(III) sulfates or ammonium sulfates. These latter reactions can be easily performed with complete decomposition of zinc ferrite and with the formation of Fe 2 (SO 4 ) 3 at 590°C and Fe 2 O 3 at 650°C, respectively [6] [7] [8] [9] [10] [11] [12] [13] . Since sulfation of zinc ferrite with ammonium, iron(II), or iron(III) sulfates operates around the softening point of black steel (600°C), we turned huge efforts to find new and cheap sulfating agents, which have high enough SO 3 dissociation pressure to sulfate zinc ferrite at lower temperatures than 600°C. Accordingly, our aim was to find a way to lower the reaction temperature of sulfation. Furthermore, the various reaction steps of sulfation were also studied in detail. For the sulfation, ammonium iron sulfate precursors were used: Mohr's salt containing iron(II), i.e., (NH 4 ) 2 Fe(SO 4 ) 2 Á6H 2 O, and ammonium iron alum containing iron(III), i.e., NH 4 Fe(SO 4 ) 2 Á12H 2 O.
At first, the thermal decomposition of precursor salts in air was studied by TG/DTA-MS to find the proper temperature for sulfation. The use of evolved gas analysis (EGA) in this was essential, since EGA provides useful information about the release of gaseous species during the thermal decomposition of various substances [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Then ZnFe 2 SO 4 /precursor salt mixtures with ratios 1:2 and 1:5 were prepared and annealed at 400, 425 and 450°C. To study the water-soluble (e.g., ZnSO 4 , FeSO 4 , Fe 2 (SO 4 ) 3 ) and acid-soluble (Fe 2 O 3 , ZnO, Fe x (OH) y SO 4 , Zn v (OH) w-SO 4 basic sulfates) constituents, the as-annealed products were washed with water and HCl. The morphology and structure of the starting materials were investigated by SEM, XRD and FTIR, the crystalline phases after each annealing and washing step were studied by XRD, and the Fe in the starting materials and the products obtained at 425°C was measured by Mössbauer. Powder XRD patterns were measured on a PANalytical X'pert Pro MPD X-ray diffractometer using Cu K a radiation.
Experimental
FTIR spectra were obtained by an Excalibur Series FTS 3000 (Biorad) FTIR spectrophotometer in the range of 400-4000 cm 
Results and discussion

Properties of the starting materials
Based on XRD ( Fig. 1 ) and FTIR [24] [25] [26] (Fig. 2) ? ) in air were also observed. From 310°C, the evolution of SO 2 /SO 3 was also detected. The evolution of nitrogen (discussed later) could not be monitored due to the usage of air atmosphere, which contains elementary N 2 . Since synthetic air contains 80% nitrogen besides 20% oxygen, the sensitivity of the measurement was not high enough to detect the nitrogen evolution. The mass loss of 4.4% corresponds to the release of 1 NH 3 together with a small amount of SO 2 /SO 3 . The DTA curve had an endothermic peak as well here.
Frank described an unidentified iron(III)-containing phase formed during decomposition of Mohr's salt with a singlet Mössbauer peak (IS = 0.7 mm s -1 ) [27] . DelgadoLopez found the formation of NH 4 similar to the peak found by us at 317°C. According to Fig. 4 , in the temperature range of about 200°C, reaction (1) is taking place, followed by reaction (2) with the endothermic peak at 317°C.
Delgado-Lopez found that this compound was completely transformed around 300°C with appearance of ammonium iron(III) alum [28] . Nakamura [29] has defined a redox reaction of NH 4 Fe(SO 4 ) 2 proceeding in an analogous way according to Eq. (3):
In their study, the reaction was completed between 370 and 444°C, i.e., the alum is formed below 350°C from the double salt; thus, in our case the decomposition of the double salt with the same stoichiometric components could be observed at 317°C. Taking into consideration these results, the iron(III)-containing phase with IS = 0.7 without splitting might be the double salt (NH 4 ) 2 SO 4 ÁFe 2 (SO 4 ) 3 formed as precursor of the redox reaction observed around 300°C, and a relationship is supposed between the appearance of this phase and the observed redox reaction [29] .
In the third decomposition process (350-500°C), mostly SO 2 and SO 3 evolved (48 ? , 64 ? , 80 ? ) in an endothermic reaction, and their release was the most intense at 460°C. Besides them, some oxidation products of as-released NH 3 were also observed [30] .
The fourth decomposition process took place at 500-750°C, and here again SO 2 and SO 3 evolved together with small amounts of NH 3 . The residual mass of 21.2% corresponds to 0.5 mol Fe 2 O 3 , which formed through the release of SO 3 . The XRD analysis of the final residue also detected only this phase (PDF 00-021-0920).
The decomposition of SO 3 into SO 2 and O 2 in the third and fourth steps was suppressed at this temperature due to the presence of aerial oxygen; therefore, SO 2 and SO were detected only as fragments of SO 3 during the electron impact ionization in the mass spectrometer, which is confirmed by the same shapes of the SO 3 /SO 2 /SO fragment ions.
Thermal behavior of the ammonium iron alum, (NH 4 )Fe(SO 4 ) 2 Á12H 2 O starting material
The thermal decomposition of ammonium iron alum was also studied previously [28, 29, 31] . Our TG/DTA-MS curves of (NH 4 )Fe(SO 4 ) 2 Á12H 2 O in air atmosphere are shown in Fig. 5 2 O are similar. The nature of gas-phase components is also almost the same as in the case of Mohr's salt. It can be easily explained because in the air, in the case of the decomposition process of the Mohr's salt at the beginning, the same intermediates appear as during the decomposition of the ammonium iron(III) alum.
Nakamura defined a redox reaction between the sulfate and ammonia, with N 2 formation, which is formally an analog of the reaction found in the case of Mohr's salt (3), and the two processes take place at the same temperature (DTA peak temperature was found by us to be 317°C in both cases) (4) [29] .
It is supposed that the ammonia is oxidized into N 2 by the sulfate content of the salt, without reduction of iron(III) into iron(II). At the same temperature where the Mohr's salt was decomposed (peak 317°C), a redox reaction takes place, which is formally almost the same as we found in the case of Mohr's salt. In the third decomposition process (350-550°C), mostly SO 2 and SO 3 were released together with a small amount of NH 3 and its oxidation products. The evolution of SO 2 and SO 3 was the most intense at 455°C. The first SO 2 peak appears without SO 3 signal; thus, the source of SO 2 might be sulfuric acid as well. The SO 2 and SO 3 evolution peaks in the MS ion current curves are around 455°C, which is only a bit lower than in the case of (NH 4 ) 2 Fe(SO 4 ) 2 Á6H 2 O.
In the fourth and final decomposition step (500-700°C), the release of sulfur oxides continued. The final product (25 mass %) was Fe 2 O 3 , which was also confirmed by XRD.
Results with 1:2 ZnFe 2 O 4 /ammonium iron sulfate reaction mixtures
In the gas phase, there is an equilibrium between SO 2 and SO 3 , which supplements the used SO 3 (it is SO 3 , which makes the sulfation reaction with ZnFe 2 O 4 ). The release of sulfur oxides from the samples took place in two temperature regions, i.e., 350-500 and 500-750°C. For the sulfation reaction, the lower temperature region sulfur oxide release was selected, since it required less energy, and hence it was more economic. We considered that if the SO 3 evolution from the precursors is too intensive (at and above 450-460°C), this reagent might run out too fast. However, our aim was to study the reaction mechanism as well. Thus, the sulfation reaction temperatures were selected in the temperature region before the maximum SO 2 and SO 3 evolution peaks, i.e., at 400-425-450°C.
In order to determine the decomposition mechanism, the composition of the samples isolated at 400, 425 (Fig. 6) . The XRD pattern showed Fe 2 (SO 4 ) 3 (PDF 04-033-0679), Fe 2 O 3 (PDF 00-021-0920) and ZnFe 2 O 4 (PDF 04-015-7055) crystalline phases. The presence of ZnO or ZnSO 4 was also supposed; however, they might have been present in amorphous form.
When the as-prepared samples were washed with water, bubbling was observed, which was explained by the release of gases trapped during the sulfation reaction in the solid samples. Some of the released sulfur oxides formed sulfur acids (e.g., H 2 SO 4 and H 2 SO 3 from SO 3 and SO 2 ), which was an exothermic reaction in water, and thus the solution warmed up.
Results with 1:5 ZnFe 2 O 4 /ammonium iron sulfate reaction mixtures
To study the influence of different amounts of the reagents, the ratio of the starting materials was modified to 1:5. In addition, besides washing with water, a washing step also with HCl was included to further study reaction intermediates, and the sample batch masses were increased to have enough sample to the studies. The yield of the 1:5 ZnFe 2-O 4 /ammonium iron sulfate reaction mixtures and the masses after H 2 O and HCl washing steps can be seen in Table 3 . Based on XRD data (Fig. 7 Mö ssbauer study of the sulfation reaction 4 ) had a large singlet and a small doublet in their Mössbauer spectra, which corresponded to mostly Fe 2 (SO 4 ) 3 and a small amount of ZnFe 2 O 4 ( Fig. 10d-e) [34, 35] . Thus, according to Mössbauer spectra (Fig. 10) It has to be remarked that in the low-temperature SO 3 evolution range, only the part of the sulfation capacity of 
It means that in practice due to by-reactions, even more, * 10-fold excess of Mohr's salt should be used to complete the sulfation of zinc ferrite at this temperature range.
Reaction of ZnFe 2 O 4 with ammonium iron alum,
The sulfation process (5) can be written with the same Zn:SO 4 2-stoichiometry as in the case of Mohr's salt.
In this process, the part of the sulfate content of the ammonium iron(III) alum turns into SO 3 in the zinc ferrite sulfation process. According to this, the 1:8 molar ratio is the minimal ZnFe 2 O 4 /alum molar ratio. . These temperatures were selected since these are below the maximum release temperature of sulfur oxides from Mohr's salt and ammonium iron alum, and thus it gave us a chance to study the reaction intermediates and hence the reaction mechanisms. Based on the obtained results, at each temperature, the Fe content transformed mostly to Fe 2 (SO 4 ) 3 , which partly hydrolyzed and could be isolated as a colloid precipitate, FeO(OH) by washing with water and HCl. At lower temperatures (400-425°C for Mohr's salt and 400°C for ammonium iron alum), the presence of basic iron sulfate was also suggested. This basic iron sulfate formed also colloid precipitate by dissolution by water and could be isolated as iron hydroxide or iron oxide hydroxide.
The Zn content of ZnFe 2 O 4 transformed into similar amounts of amorphous ZnSO 4 and basic Zinc sulfate hydroxides. Since ZnSO 4 is stable until 680°C, the basic Zinc sulfate hydroxide might be its intermediate.
It was found that the stoichiometry of the annealing reaction was influenced by the temperature and by the reactant ratios. With 2 h reaction time, the yield was 52-78% at 425°C ( To conclude, it was demonstrated that the sulfation reaction with ammonium iron sulfates could be performed at lower temperatures than with iron sulfates. It was possible to detect the reaction intermediates and to obtain information about the reaction intermediates. With our sulfation reaction, depending on the reaction conditions, it is possible to obtain Fe 2 O 3 as final product, but the Zn and Fe metals can be obtained also as sulfates. 
